Aspheric optical surfaces are often tested using diffractive optics as null elements. For precise measurements, the errors caused by the diffractive optical element must be calibrated. Recently, we reported first experimental results of a three position quasi-absolute test for rotationally invariant aspherics by using combined-diffractive optical elements (combo-DOEs). Here we investigate the effects of the DOE substrate errors on the proposed calibration procedure and present a set of criteria for designing an optimized combo-DOE. It is demonstrated that this optimized design enhances the overall consistency of the procedure. Furthermore, the rotationally varying part of the surface deviations is compared with the rotationally varying deviations obtained by an N-position averaging procedure and is found to be in good agreement.
Introduction
The improved performance capability of aspherics with a reduced number of elements has been discussed by optical engineers for quite a long time. Therefore, aspheric surfaces have become inevitable in many optical systems. For example, the use of aspherics instead of spherical surfaces reduces the number of optical surfaces in microlithography systems. In photographic optics, telescopic systems, head-up displays and helmet mounted displays, where volume and weight constraints are significant, aspherics are often the only option. Technological advances in machines and tools have made it possible to produce aspherics of high surface quality. However, an equally precise metrology procedure is still extremely difficult.
The metrology of aspherics is commonly performed by using a refractive or reflective null element in a standard interferometer setup [1] . This element works as a compensator for the deviation of the asphere from a sphere. The production of such a null element for each specific aspheric is time consuming and expensive. In addition, it is difficult with complex aspheres. Computer-generated holograms (CGHs), which can also be termed as diffractive optical elements (DOEs), provide a reasonable alternative and have long been in use as null elements for aspherics [2] [3] [4] [5] . Over the years, different possibilities for inserting the DOE into the interferometer setup have been investigated and their relative advantages and disadvantages were reported [6] . The architecture with the DOE in the object arm just before the specimen, compensating the aspheric wavefront, provides robust interferometer architecture. Additionally, the DOE can be designed independently of the setup since the entire interferometer optics need not be included. However, in such an architecture where the DOE is placed in the object arm, the quality of the DOE substrate plays a critical role. Therefore, it is imperative either to know the DOE deviations beforehand so that they can be subtracted from the final results or to apply suitable calibration procedures. To achieve a high accuracy measurement, an absolute calibration of the interferometric system is required, including the removal of errors introduced by the null elements.
Research Background
Over the past few years, efforts have been made to calibrate interferometric systems by the use of combined-diffractive optical elements (combo-DOEs). In 1998, Schwider [7] proposed the use of such elements for the calibration of the interferometer and the assessment of the DOE error as a whole. The calibration procedure works similarly to the three position test for spherical surfaces [8] , which requires surface measurements at two positions, a basic and a 180°rotated position, followed by a measurement in the cat's-eye position. The combo-DOE carries the information for the aspheric as well as for the best fit sphere with a slight linear offset, where the spherical wavefront is used for the cat's-eye measurement. The basic idea is that the structural errors due to the limited accuracy of the lithographic tools are nearly identical for the aspherical and spherical structure of the DOE, if both waves have similar curvature. In addition, it can be assumed that variations in the optical thickness of the DOE substrate impair both wavefronts in the same manner. Beyerlein et al. [9] have explored the two possibilities for the design of such combo-DOEs, namely sliced and superposed structures, and have estimated the influence of disturbing diffraction orders in both cases. Implementing the idea of combo-DOEs, and further developing the absolute procedure, Reichelt et al. [10] performed the calibration of such DOEs by using the fact that the wave aberration due to lithographic structure errors change sign when the Ϫ1st order is used instead of the ϩ1st order.
Another calibration approach is an N-position rotationally averaging method [11] . Based on this approach, Freimann et al. [12] have developed an absolute test procedure for noncomatic aspheric surface errors by measuring the aspheric in 12 rotated positions. However, this procedure does not calibrate the rotationally invariant part of the surface deviation.
Recently, we reported our first experimental demonstration of the three position test of aspherics [7, 13] . Both design possibilities discussed by Beyerlein et al. [9] were investigated and it was observed that the sliced DOE shows less impact of the disturbing diffraction orders on the absolute measurement. However, residual astigmatic aberrations were observed from a consistency test. In this paper, we further investigate the cause of the observed astigmatism in the consistency test and determine the factors that are limiting the accuracy. DOEs are flat elements and do not fulfill the sine condition [14] . Our investigations show that the tilt of the DOE and its orientation relative to the offset direction of the calibrating spherical wavefront are the main reasons for the residual astigmatism in the consistency test.
The basic assumption of this procedure is that the DOE substrate and the lithographic errors affect the two wavefronts identically and we call this the matching condition. This can easily be understood if one considers first a DOE with a very coarse diffractive structure. In this case, the smallest period p shall be so big that a lithography-type error ⌬p will produce a negligible wavefront error, ⌬W͞ ϭ ⌬p͞p. With increasing spatial frequency, ϭ 1͞p, a similar statement can be made concerning neighboring structures for the spherical and the aspheric wavefront, provided the spatial frequencies are not too different. Then a calibration error of the order ⌬W͞ Ϸ ͑ sphere Ϫ asphere ͒⌬p will limit the achievable calibration accuracy. The remaining problem in the context of the dual encoding of the wavefronts is that the calibrating spherical wavefront is different from the aspheric one and additionally has a slight linear offset, thus giving rise to the quasi-absolute nature of the test. In this work, we discuss the design considerations of the combo-DOE and present an optimized design that better satisfies the matching condition and improves the consistency of the procedure. However, this inherent quasi-nature still remains the limiting factor on the accuracy of the procedure. The extent of this limitation will also be discussed.
We first recall the quasi-absolute three position test procedure in Section 3. The design considerations of combo-DOE are discussed in Section 4. Here we discuss all the critical design parameters and demonstrate simulation results that help us design an optimized combo-DOE. Section 5 contains the experimental results of the quasi-absolute test. A comparison with an N-position rotational averaging test is also presented. Limitations, advantages, and possible improvements are discussed in Section 6, and final conclusions are eventually drawn.
Measurement Principle and Combo-DOE
Here, we present a brief description of the measurement procedure. Further details can be found in our earlier publications [5, 7, 9, 13] . Figure 1 depicts the required three positions for the absolute measurement of a rotationally invariant asphere. The positions are: (1) a basic position, (2) a 180°rotated position of the specimen, and (3) the cat's-eye position where a mirror is placed at the focus of the spherical wavefront. The aspheric wavefront is used for the measurements at the first two positions. By using these three measurements, the surface deviations of the aspheric can be separated from the systematic errors of the setup. The combo-DOE is tilted by a small angle to avoid on-axis reflections from its front and back surface. The distance between the combo-DOE and the aspheric under testing should be on the one hand as small as possible to have an unequivocal correspondence between points on the aspheric and on the DOE. On the other hand, there has to be a certain distance between the DOE and aspheric so that the different diffraction orders of a binary DOE can be separated [15] . So, in practice a compromise has to be found, which minimizes the overall measurement uncertainty. This is in our case a distance of 10 mm between the DOE and aspheric.
To encode both wavefronts simultaneously, the DOE has been sliced in 50 m wide stripes that are alternatively assigned to the spherical and aspheric waves. To achieve the correct alignment of the DOE within the interferometer, a reflection grating structure is provided outside the test structure of the DOE [6] . The Ϫ1st order of the reflected beam of the alignment grating has to be adjusted to a fluffed-out fringe in order to have the correct tilt of the DOE. Such a combo-DOE will produce the desired aspheric and spherical wavefronts. However, because of the striped nature, it will generate additional diffraction orders that may disturb the measurements. To avoid the direct overlapping of the different orders of both wavefronts, the off-axis direction of the spherical wavefront is selected to be perpendicular to the grating vector of the grating produced by the stripes. Upon reflection, while retracing the path, the disturbing diffraction orders are blocked by a stop at the confocal plane of the telescopic system in the object arm.
Design Considerations for the Combo-DOE: Simulation Studies
There can be many sources of errors, such as (i) a DOE substrate error, (ii) a systematic error of the empty interferometer without the DOE, (iii) a DOE misalignment error, (iv) an insufficient stability of the interferometer (air turbulence, vibration, drift, etc.), and (v) lithographic writing errors. With the aim to design an optimized combo-DOE and to have an estimate of the achievable accuracy of the procedure, we performed simulation studies in the presence of the systematic errors (i)-(iii) by using our software package RAYTRACE [16] . All the simulations have been done using a wavelength of 633 nm. To be very close to the real experimental situation, the measured systematic errors of the empty interferometer and the substrate deviations have been used as input in the simulations. Figure 2 displays typical aberrations in a double pass configuration. A noisy environment and the lithographic writing errors have not been considered in the simulations. For the aspheric under testing, the paraxial radius of curvature was 94.84 mm [see Fig. 7 (a) for the aspheric profile and its best fit sphere]. An additional small astigmatism has been added to the specimen to represent the surface deviations. The main reason for performing the simulations is that a DOE is a flat element and therefore violates the sine condition. So in situations where the DOE is misaligned or the incoming wavefront is not ideal, aberrations (mainly coma) will be present.
When there is no systematic error in the system, the surface deviations are perfectly reconstructed by the simulated three position absolute test. However, in the presence of systematic errors of the empty interferometer and the DOE substrate (in particular), some remaining error is observed. It is not possible to access accuracy from a single absolute measurement. Therefore, we investigate the accuracy with a consistency test. A consistency test is simulated in the following way: (1) two absolute results are simulated, one by having the surface measurements at 0°and 180°as the basic and rotated positions, and the other one with the surface measurements at 90°and 270°. The cat's-eye position is the same in both cases; (2) rotate the second absolute result by Ϫ90°to ensure the same orientation of the coordinate system for the absolute deviations; and then (3) take the difference between them. We present the three most critical design parameters that influence the accuracy.
A. Relation between the Tilt Orientation of the Diffractive Optical Element and the Offset Direction of the Spherical Wavefront
As already mentioned the spherical wavefront has a small tilt angle that was initially chosen as 1°. There can be four choices for the offset direction of the spherical wavefront as shown in Fig. 3 . The optical axis is taken along the Z direction and the combo-DOE is tilted relative to the XY plane, where the Y axis shall be the rotation axis. The offset of the spherical wave can be along the ϩX, ϪX, ϩY, and ϪY directions. In principle, it is possible to use any of these offset directions irrespective of the tilt orientation of the combo-DOE, provided there are no systematic errors in the setup. But in the presence of DOE substrate and͞or interferometer deviations, which in reality is the case, it becomes necessary to consider the relationship between the tilt direction of the combo-DOE and the offset direction. The DOE surface deviations include a typical wedge of 10 arcsec in the direction of the global tilt of the combo-DOE. Figure 4 shows the results of a consistency test for each of these four cases using the same substrate error for all offset situations. These results indicate a remaining systematic error of the absolute testing procedure that depends on the relationship between tilt and the offset direction. The simulation shows that the best situation is where the offset of the spherical wavefront is in the direction of the surface normal of the DOE. The simulation also shows that the tilt angle of the spherical wave should be the same as the tilt of the DOE in the same direction. This sets the amount of the linear offset in the focal plane of the spherical wavefront. In this case, the focus of the spherical wavefront lies on a straight line through the center of the DOE having the direction of the normal of the DOE. Since this is the condition where the cat's-eye measurement follows the symmetry with respect to the DOE plane, we denote it the symmetry condition for the cat's-eye position. In all the other situations, a higher amount of astigmatism is present because of the broken symmetry of the cat's-eye measurement.
B. Influence of the Tilt Amount of the Diffractive Optical Element in the Presence of a Systematic Error of the Setup
Even in Fig. 4(a) , which obeys the symmetry condition, one can still see residual astigmatism. This is likely due to a systematic error of the setup, in particular a wedge error in the DOE substrate. Since the DOEs are flat elements and do not fulfill the sine condition, they introduce coma in a single measurement in the presence of a wedge error. The amount of coma increases linearly with the increase in the global tilt of the DOE. The primary coma is removed as a misalignment error once the misalignment elimination algorithm is applied [17] , but the higher orders remain. To better understand the effects of the wedge error, we simulated a case where no error has been introduced into the setup, except a wedge of 0.002°. Even the specimen has been chosen to be an ideal surface. Figure 5 shows the results of the consistency tests for a varying amount of the DOE tilt from 0.25°to 2°, where the symmetry condition discussed in the earlier section has been followed. One can notice a linear increase in the error with the DOE tilt. This situation demands that one should design a DOE with a minimum tilt angle. But the amount of tilt depends on two other parameters. One is that some amount of tilt is required to avoid the back reflections from the DOE surfaces going into the interferometer. In our setup, the tilt angle must be at least 0.25°. The minimum tilt angle can be determined from the space bandwidth product that is dictated by the CCD camera and the optical system as a whole. The space bandwidth product should not be restricted too much because then only slowly varying aberrations can be corrected. Another constraint is that the offset of the spherical wavefront should be large enough to separate it from the on-axis aspheric wavefront. This tradeoff limits our tilt angle to at least 0.5°with respect to the interferometer axis.
C. Matching Condition and Quasi-Nature of the Procedure
The basic idea behind the combo-DOE test relies on the fact that the wave aberrations caused by lithographic errors are only proportional to the ratio of the positioning error of the lithographic writing machine and the local period of the DOE. Therefore, two DOE structures show similar aberrations in the close lateral neighborhood. Thus, it is possible to use different wavefronts because the difference of the aberrations will be small. The design, fulfilling the symmetry condition, as well as the least possible tilt angle [see Fig. 5(b) ] situation, presents the least error. Nevertheless, the consistency simulation shows an astigmatism of approximately ͞160. The reason is that a spherical wavefront, for the measurement in the cat's-eye position, is different from the aspheric wavefront, and this introduces the quasi-nature in the three position test. This quasi-nature has two components: (1) the calibrating wavefront at cat's-eye is different from the aspheric one and (2) an offset must be present to separate it from the aspheric wavefront. Since these are the basic procedural limitations, we describe the whole procedure as quasi-absolute.
The procedure requires that the two wavefronts should match in the best possible way, which we term the matching condition. In this section, we explore the criticality of this condition and try to minimize the quasi-absolute extent of the procedure. Minimizing the tilt angle of the DOE (see Subsection 4.B) guarantees a minimum offset of the spherical wavefront, thus a better matching of both wavefronts. So the effects shown in the last section are also related to the quasi-nature. The smaller the offset angle the better the matching condition is fulfilled. Furthermore, the spherical wavefront can either be chosen as a base fit or a best fit to the aspheric. In the base fit case, just the paraxial radius of curvature of the aspheric wave is taken. In the best fit case, the integral of the squares of the wavefront differences to a spherical wavefront has to be minimized. Figure 6 compares the consistency results for the two conditions in the presence of general interferometric and substrate errors. The best fit spherical wavefront is a better choice, because the aspheric wavefront departure is the least in this case. But the lithographic writing errors become more critical in the high spatial frequency region, where writing periods become finer and finer. So in the fitting algorithm it would be better to have more weight in the high frequency region, which is in turn based on the minimization of the relative difference of the writing periods rather than the departure of the wavefront itself. However, this cannot be done unless the exact behavior of the fabrication errors is known.
Experimental Results and Discussion
To demonstrate the principle, a phase-shifting Twyman-Green interferometer setup has been used. A rotationally invariant convex asphere of a diameter of 50 mm has been chosen as a test specimen. The maximum aspheric deformation from the best fit sphere is approximately 0.25 mm (i.e., ϳ400 waves) at the edge (see Fig. 7 ). Before presenting absolute test results, it is necessary to discuss the repeatability, reproducibility, and interferometer drift of the setup and the misalignment removal capabilities of the evaluation process. Repeatability, reproducibility, and drift analysis give an idea about the overall stability status of the interferometer. 
A. Interferometer Stability
The repeatability can be derived from the difference between two measurements, one right after the other, without any nominal change in the system. This provides information about the sensitivity of the setup against vibrations and air turbulence. Since the specimen has to be rotated by 180°during the test procedure, the effects of readjustment should also be evaluated. These effects are captured by the reproducibility where the difference between two measurements involving a readjustment has been taken. The reproducibility depends on the precision of the mechanical components in the specimen holder and the capabilities of the metrologist himself to readjust it to the fluffed-out fringe condition. Since it is impossible to readjust the specimen exactly, coherent noise is introduced [18] limiting the reproducibility in practice to a value of approximately half the repeatability. In our case, the repeatability and reproducibility of the setup for single measurements are ͞500 and ͞200, respectively, where is 633 nm, the wavelength of a He-Ne laser.
If the series of measurements is going to take some time, which is the case in our procedure, then it is necessary to know the stability of the interferometer during this time span. This can be investigated by performing a drift analysis, which consists of looking at the difference between the two measurements after a necessary time gap. This has to be carried out without touching or changing anything in the setup. The difference between the drift analysis and the repeatability is that the repeatability is a measure of short time disturbances, while the drift analysis shows how these deviations evolve with time. Since we are going to present the N-position rotational averaging test also (in part D of this section), where we take 36 measurements, which takes approximately 1 hour, we performed the drift analysis for the same duration. The rms values of the difference of the measurements with a time gap varying from 30 s to 1 h are presented in Table 1 . These are within the range of the reproducibility of a single measurement.
B. Removal of Misalignment Aberrations
Misalignment of the specimen relative to the interferometer's coordinate system plays an important role in interferometric metrology in general, but it becomes more crucial in aspheric metrology because of its reduced degree of symmetry. In the presence of misalignment, the interference pattern is always a superposition of the wave aberrations due to the surface errors of the test piece, the systematic errors of the interferometer, and the aberrations caused by the movement of the aspheric relative to the interferometer frame. The specimen can never be adjusted to the perfect position, so the extent to which misalignment errors can be removed must be considered.
The alignment errors due to tilt, decenter, and defocus of the test surface can be analyzed empirically. For the misalignment removal we have used the strategy discussed by Young [17] . The misalignment functionals are described by representing 5 degrees of freedom of the aspheric within the interferometer (e.g., three displacements and two tilts) by five misalignment vectors. Rotation around the Z axis is not considered as a degree of freedom since the surface under test is rotationally invariant. These errors have been computed mathematically and were then removed from the measuring data by a least squares fit to find out the actual surface errors plus systematic errors of the interferometer.
To estimate the accuracy of the misalignment elimination, several misalignments have been simulated with RAYTRACE [16] and have subsequently been eliminated. The misalignment parameters were chosen to have a peak-to-valley (P-V) value of the simulated aberrations close to 2 wavelengths, a value that we could achieve in the experiment. The same has been performed in the experiment with all 5 degrees of freedom. Tables 2 and 3 show the results of the elimination process in simulations and in experiment, respectively. Both studies clearly show that the misalignment in the Z direction is the most critical one and requires a much more careful alignment compared with the rest of the degrees of freedom.
C. Quasi-Absolute Three Position Test
Using the three position procedure described in the previous section, the surface deviations of the test specimen are determined. Figure 8(a) shows the contour plot of the absolute deviations of the surface by using the optimized combo-DOE. The P-V value is 1.031 waves and the rms value is 0.244 waves. An x-y polynomial fit of order 12 has been applied to eliminate the noise in the final absolute result. Figure 8(b) shows the reproducibility of the three position test itself, where the difference of two such absolute measurements at the same orientation of the specimen was taken. The rms value is ͞200, which is in the range of the reproducibility of a single measurement. The interferometric errors have been extracted by subtracting the absolute measurement from a single measurement and are shown in Fig. 8(c) .
As discussed in the simulation section, we looked for the consistency test as an indication as to the accuracy of the procedure. Figure 9 compares the results of the consistency test when: (a) the combo-DOE does not fulfill any of the design conditions and has a tilt of 1°, (b) the combo-DOE satisfies only the symmetry condition and has 1°tilt and (c) an optimized combo-DOE with 0.5°tilt is taken. These results conform to the predictions of the simulation studies. The consistency improves by a factor of 10 if the symmetry condition is followed and further improves by a factor of 2 with an optimized design, where a 0.5°tilt angle and the best fit spherical wave have been selected.
The occurrence of residual astigmatism of P-V value 0.028 waves in the consistency test even in the case of the optimized DOE is, we believe, because of the fact that the procedure is still limited by its quasinature and the flat DOEs do not fulfill the sine condition. Further simulations yield that the consistency error depends on the errors of the empty interferometer and on those of the DOE substrate. Therefore, it is expected that the lesser these errors are, the better the consistency will be. In particular, the wedge error in the substrate is very critical as discussed in Subsection 4.B. Currently, we used commercially available mask plates as substrates, which have a wedge error of 10 arcsec. This value can definitely be improved by using a higher quality substrate. It is, therefore, left for further investigations to use a better quality custom made substrate and to demonstrate the effects of substrate quality on the procedure.
D. N-Position Test
While the three position test method delivers the absolute errors of the surface, the rotationally varying deviations can be measured with another method. The surface shape deviations can have rotationally invariant as well as rotationally varying errors. The rotationally varying errors can be extracted from measurements with the surface being rotated in a stepwise manner, a method known as an N-position rotationally averaging test [11] . The average of N such measurements at the interval of 360͞N degrees removes all rotationally varying errors of the surface: Subtracting this average from a single measurement will give the rotationally varying errors of the surface:
To validate the results obtained by the quasiabsolute three position test, we have performed this independent procedure of N-position testing. For this purpose, 36 measurements have been recorded while the specimen was rotated in 10°steps. By subtracting a single measurement from the average of these multiple measurements, the rotationally invariant errors of the specimen and the systematic errors of the interferometer get cancelled out leaving behind the rotationally varying errors of the surface. Figure 10 compares the rotationally varying errors obtained by the N-position rotationally averaging test with that of the three position test. There is good agreement. The difference is shown in Fig. 10(c) . The difference has 0.029 waves P-V and 0.0038 waves rms, which is in good agreement keeping in mind that the N-position test procedure also has several additional error sources, as discussed in [12] . The trifoil shape in the difference [see Fig. 10(c) ] is an indication that the interferometric error, which is also trifoil in our case, has not been eliminated identically in the two methods. Needless to say, neither method is perfect, since both have limitations and sources of errors.
Conclusions
In our previous publication [13] , we presented the experimental demonstration of the proposed quasiabsolute three position test for aspherics by using a combo-DOE as a null element. In this paper, the accuracy of the procedure is enhanced by optimizing the design parameters of the combo-DOE, which is demonstrated by the consistency test. It is observed that the tilt of the DOE and its orientation, as well as the offset direction of the spherical wavefront play a critical role in the presence of substrate deviations and systematic errors of the interferometer.
Further, the rotationally varying deviations extracted using the three position absolute procedure are compared with that of an N-position rotationally averaging procedure and are found to be in good agreement. The capability of extracting the complete deviations of the specimen signifies that our proposed technique is a promising tool for the interferometric calibration of aspheric metrology. Another major advantage of our procedure is that we need not know the DOE fabrication errors as long as they have a global character and are identical in both wavefronts. In principle, this assumption determines the degree of accuracy of the test. At present, we believe the achieved accuracy is limited by the stability of the interferometer and the substrate quality. Simulation studies show that the consistency becomes better as interferometer errors and substrate deviations go down. Therefore, it is expected that the accuracy will enhance further, once high quality optical components and DOE substrates are used.
Nevertheless, this procedure is still limited by its quasi-absolute nature, as the calibrating spherical wavefront, which has an additional angular offset, deviates from the aspheric one. It can be further enhanced by having both wavefronts on-axis, thus eliminating the quasi-contribution of the offset of the spherical wavefront. But in that case, one has to devise a scheme to block one wavefront while using the other. Future study will concentrate on a means to incorporate such a wavefront selective mask associated with the combo-DOE. But even after that, the spherical wavefront will remain different from the aspheric one. It is left for further research to examine to what extent this difference limits the overall performance. For that purpose one needs to know the localized fabrication errors of the DOE in both the wavefronts. Furthermore, it has been observed that the misalignment in the z-direction is very critical. It can be further improved by having better mechanical stability and alignment of the specimen, or by improving the misalignment elimination algorithm.
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